Using fluorescence resonance energy transfer technology and Lightcycler analysis, we developed a real-time PCR assay with primers and probes designed by using IS900 which allowed rapid detection of Mycobacterium avium subsp. paratuberculosis DNA in artificially contaminated milk. Initially, the PCR parameters (including primer and probe levels, assay volume, Mg 2؉ concentration, and annealing temperature) were optimized. Subsequently, the quantitative ability of the assay was tested and was found to be accurate over a broad linear range (3 ؋ 10 6 to 3 ؋ 10 1 copies). The assay sensitivity when purified DNA was used was determined to be as low as five copies, with excellent reproducibility. A range of DNA isolation strategies was developed for isolating M. avium subsp. paratuberculosis DNA from spiked milk, the most effective of which involved the use of 50 mM Tris HCl, 10 mM EDTA, 2% Triton X-100, 4 M guanidinium isothiocyante, and 0.3 M sodium acetate combined with boiling, physical grinding, and nucleic acid spin columns. When this technique was used in conjunction with the real-time PCR assay, it was possible to consistently detect <100 organisms per ml of milk (equivalent to 2,000 organisms per 25 ml). Furthermore, the entire procedure (extraction and PCR) was performed in less than 3 h and was successfully adapted to quantify M. avium subsp. paratuberculosis in spiked milk from heavily and mildly contaminated samples.
For over 100 years, the slowly growing acid-fast bacillus Mycobacterium avium subsp. paratuberculosis has been implicated as the causative agent of a chronic granulomatous enteritis in cattle called Johne's disease (15) . Although a role in human disease remains to be elucidated, the potential association of M. avium subsp. paratuberculosis with Crohn's disease has been the subject of many high-profile reviews (2, 14, 27) . Despite the uncertainty regarding its potential hazard to human health, this organism has been shown to be pathogenic for many species; therefore, it may be prudent to adopt a precautionary approach towards reducing human exposure to M. avium subsp. paratuberculosis until further, unambiguous evidence is available.
As milk has been shown to be involved in the transmission of Johne's disease to calves (30) and previous studies have shown that M. avium subsp. paratuberculosis is present in retail milk (21) , regular screening of milk for human consumption should be encouraged. This would have the effect of tracking contaminated herds and farms and would ultimately contribute to reducing exposure. Although conventional culturing remains the "gold standard," it is an impractical method for detection of this slowly growing organism as there is a requirement for a harsh decontamination step that significantly reduces the viable titer and countable colonies seldom appear on agar slopes before 8 to 12 weeks. Other tests for M. avium subsp. paratuberculosis can also be employed, such as enzyme-linked immunosorbent assays, agar gel imunodiffusion, complement fixation, and fecal culturing; however, in general, these assays all have sensitivity and/or specificity issues.
PCR detection has proven to be a popular and sensitive method for screening milk and clinical samples for M. avium subsp. paratuberculosis DNA (4, 5, 9, 10, 11, 21, 23, 26, 32) . In particular, the IS900 transposon has been accepted by researchers as the most suitable and specific target, although its specificity has been called into doubt recently (6, 16) due to the discovery of an IS900-like element in non-M. avium subsp. paratuberculosis strains. Despite this however, the IS900 target is particularly suited to sensitive detection as each organism contains between 14 and 18 copies of this insertion element and reports of non-M. avium subsp. paratuberculosis strains containing the transposon are exceedingly rare.
In general, PCR-based assays provide a rapid means of qualitatively assessing the presence of M. avium subsp. paratuberculosis in milk. The development of real-time PCR assays has offered researchers the potential to determine initial levels of nucleic acid, which can be extrapolated to estimate the microbial load. Such real-time assays are based on determining the crossing point or cycle threshold (cycle number at which the first significant increase in fluorescence above a threshold level is detected) for a known set of DNA standards and have recently been described for many of the common food-borne bacterial pathogens (3, 18, 28, 29) , as well as several mycobacterial species (19, 22, 31) . Quantitative assays for slowly growing bacteria, such as members of the genus Mycobacterium, are particularly useful as they offer a convenient alternative means to rapidly quantify organisms from a wide variety of sources. In the recent past three such assays for M. avium subsp. paratuberculosis have been described (7, 16, 25) , although quantitative analysis from milk has not been reported previously.
The objective of this study was to develop a rapid and convenient extraction strategy for M. avium subsp. paratuberculosis in whole milk based on quantitative real-time PCR by using fluorescence resonance energy transfer-based probes. The final procedure (including extraction and PCR) facilitates quantitative analysis of artificially contaminated milk samples and can be performed in less than 3 h.
MATERIALS AND METHODS
Growth of bacterial strains. All strains of M. avium subsp. paratuberculosis were subcultured on Middlebrook agar with the OADC supplement (Becton Dickinson) and 2 mg of mycobactine (Synbiotics) per ml. Liquid cultures were grown in continuously stirred Middlebrook broth with the OADC supplement and mycobactine (2% inoculum, 100 ml), and the organisms were enumerated on Middlebrook agar in 25-cm 3 tissue culture flasks (Sarstedt) to prevent dehydration as described previously (25) . The identities of the slowly growing cultures were routinely tested by using a Ziehl-Neelsen acid-fast stain, checking for mycobactine dependence, and confirming the presence of the IS900 element by PCR.
Isolation of DNA and generation of quantification standard. DNA was isolated from growing cultures and was purified by using freeze-thawing, enzymatic degradation, lysis, phenol-chloroform treatment, and isopropanol precipitation as described previously (25) . A conventional PCR was carried out with isolated M. avium subsp. paratuberculosis DNA by using primers F1 and R1 (designed with the IS900 transposon). Thirty PCR cycles consisting of 95°C for 1 min, 58°C for 1 min, and 72°C for 1 min were carried out, and the product was gel excised (QIAGEN) and quantified with appropriate standards. The standards were diluted, divided into aliquots, and frozen before they were used. The sequences of the primers used are as follows: primer F1, CGGGTATGGCTTTCATGTGGT; and primer R1, GTCGATCGCCCACGTGAC. The product size was 354 bp.
Real-time PCR and sensitivity. All real-time experiments were carried out with a Lightcycler-Faststart DNA master hybridization probe kit (Roche). The assay volume, Mg 2ϩ concentration, probe and primer concentrations, and annealing temperature were optimized initially. Subsequently, the sensitivity of the assay and the linear range were determined by using known amounts of purified template DNA (generated as described above). A typical optimized reaction mixture (total volume, 15 l) contained 1.5 l of buffer, 5 mM Mg 2ϩ , each probe at a concentration of 0.1 M, each primer at a concentration of 0.25 M, water, and 1 to 5 l of DNA. The contents were placed in a glass capillary, briefly centrifuged, capped, and placed in the Lightcycler. Each run consisted of an 8-min hot start which activated the conjugated polymerase, followed by 40 cycles of 95°C for 2 s, 58°C for 5 s, and 72°C for 10 s. In order to ascertain the sensitivity of the method, standards generated as described above were diluted and assayed by using optimal real-time PCR conditions (5 ϫ 10 5 to 5 ϫ 10 0 copies). Fluorescence acquisition occurred within the F2/F1 channel after the annealing stage of each cycle, and all subsequent analysis was carried out by using the second derivative maximum option of the Lightcycler software (version 3.01). The sequences of the probes used are as follows: FL-labeled probe, CCACCTCCGT AACCGTCATTGTCCAGA; and LC Red 640-labeled probe, CAACCCAGCA GACGACCACGC. All primers and probes were designed and synthesized by TIB-Molbiol (Berlin, Germany).
Quantitation. The ability to quantitate unknown targets was evaluated by using five separate DNA samples containing various amounts of template (range, 6 ϫ 10 5 to 6 ϫ 10 1 copies) that were analyzed by using real-time PCR in conjunction with known standards in this range in duplicate. The ability to accurately determine the starting template was evaluated by using the Lightcycler software, and the results were compared to the actual known values.
Reproducibility. To evaluate the variability between experiments, four different known concentrations of DNA were amplified by performing the real-time assay described above in triplicate on three separate days. For each experiment the crossing point, average crossing point, standard deviation, and coefficient of variation for each assay were calculated.
Extraction of mycobacterial DNA from cultures in spiked milk. Due to the complex, difficult matrix involved, several strategies were evaluated to isolate mycobacterial DNA from cultures in 25-ml samples of spiked milk (this volume was chosen for logistical reasons). Prior to addition of M. avium subsp. paratuberculosis to milk, the bacterial cultures were grown with continuous stirring and the organisms were enumerated on Middlebrook agar in 25-cm 3 tissue culture flasks as described above and previously (25) . This procedure had the effect of drastically reducing clumps and was useful for spiking studies. Every effort was made to reduce clumping in order to obtain accurate values for the number of cells as determined by subsequent analysis of the number of CFU per milliliter, although inevitably some clumps could have remained which could have slightly reduced the accuracy of the method. However, as M. avium subsp. paratuberculosis cells invariably aggregate when they are in close contact, absolute quantification of the bacteria is impossible by any method.
(i) Method 1: proteinase K treatment and lysis. For proteinase K treatment and lysis, 24-ml samples of retail milk (previously shown to be M. avium subsp. paratuberculosis free) were spiked with 10 4 cells of M. avium subsp. paratuberculosis/ml (final concentration) and left at room temperature for 30 min. Subsequently, 250 g of proteinase K was added to each preparation prior to incubation for 1 h at 37°C. Each sample was then centrifuged at 6,000 rpm for 5 min in an Eppendorf microcentrifuge. The liquid fraction was carefully removed, and the cream and pellet were resuspended in 750 l of lysis buffer (2% Triton X-100, 1% sodium dodecyl sulfate, 100 mM NaCl, 10 mM Tris [pH 8.0], 1 mM EDTA) and subsequently transferred to a screw-cap Eppendorf tube containing 100 mg of acid-washed glass beads (diameter, 425 to 600 m; Sigma, St. Louis, Mo.). The tubes were then processed in a bead beater for 3 min and later boiled for 5 min. After a brief centrifugation step (14,000 rpm for 3 min), 650 l of the clear supernatant was removed from each tube, precipitated with an equal volume of isopropanol, washed with 70% ethanol, dried, and resuspended in 50 l of Tris-EDTA (TE) buffer.
(ii) Method 2: treatment with lysozyme and proteinase K. For treatment with lysozyme and proteinase K, samples were treated as described above for method 1 except that each spiked milk sample was initially incubated with 250 g of proteinase K and 50 g of lysozyme for 1 h.
(iii) Method 3: chloroform-methanol treatment. For chloroform-methanol treatment, the spiked milk was centrifuged (as described for method 1) and resuspended (pellet and cream) in 1 ml of chloroform-methanol (50:50). After 1 min, the sample was centrifuged again (14,000 rpm for 5 min) and resuspended in lysis buffer as described above. The remainder of the procedure was the same as the method 1 procedure.
(iv) Method 4: basic lysis. The basic lysis procedure was exactly the same as the method 1 procedure except that the initial proteinase K step was omitted.
(v) Method 5: alternative buffer. For alternative buffer treatment, the spiked milk was centrifuged as described above for method 1. Subsequently, the pellet and cream were resuspended in an alternative lysis buffer as described by Abolmatty et al. (1) prior to bead beating, boiling, precipitation, washing, and resuspension as described above for method 1.
(vi) Method 6: GITC lysis. For guanidinium isothiocyanate (GITC) lysis, after the spiked milk was centrifuged, the liquid fraction was carefully removed, and the cream and pellet were resuspended in 750 l of lysis buffer (50 mM Tris HCl, 10 mM EDTA, 2% Triton X-100, 4 M GITC, 0.3 M sodium acetate). This mixture was adapted from the mixture described by Odumeru et al. (24) and helped to effectively liquefy the cream. The lysate was subsequently transferred to screw-cap Eppendorf tubes containing 100 mg of acid-washed glass beads (diameter, 425 to 600 m) for bead beating. After boiling (5 min) and a brief centrifugation step (14,000 rpm for 3 min), 650 l of the clear supernatant was removed from each tube and precipitated with an equal volume of isopropanol.
(vii) Method 7: clarifying solution. For the clarifying solution treatment, the spiked milk was centrifuged, the whey was removed, and the pellet and cream fractions were resuspended in 1 ml of clarifying reagent for dairy products (Fluka GmbH, Buchs, Switzerland). The preparation was subsequently centrifuged (14,000 rpm for 5 min), and then the pellet was resuspended in 750 l of lysis solution, processed in the bead beater, boiled, centrifuged, and precipitated as described above for method 1.
In all seven procedures described above the DNA was resuspended in 50 l of TE buffer to facilitate comparative analysis of the individual methods. A realtime PCR was performed with 5 l of DNA prepared by each method as described above. The performance of each method was evaluated by monitoring the strength of the individual fluorescent signals and by analyzing the intensities of the corresponding bands on an agarose gel.
Subsequently, it was found that a further improvement could be added to the extraction protocol with nucleic acid purifying spin columns. After addition of isopropanol, the precipitate was passed through a spin column (Roche). After removal of inhibitors and two washing steps (as recommended by the manufacturer), the DNA was recovered from the column in 50 l of preheated elution buffer and processed immediately by real-time PCR as described above.
Sensitivity of extraction from milk. In order to establish the sensitivity of the best method for extraction from milk, a dilution series of M. avium subsp. paratuberculosis was prepared in 1-ml portions of Ringer's diluent. Each 1-ml portion was then added to 24 ml of whole pasteurized milk (M. avium subsp. paratuberculosis free) to obtain between 4 ϫ 10 6 and 4 ϫ 10 1 CFU/ml. DNA was extracted by using method 6 (see above), purified with a spin column, and eluted in 50 l. For each dilution, 5 l of DNA was removed and amplified by using the real-time PCR protocol described above, and the overall sensitivity was determined.
Quantitation from milk. Artificially spiked samples of milk containing between 1 ϫ 10 6 and 5 ϫ 10 1 CFU/ml were prepared as standards. DNA was extracted from these samples by using the optimized procedure (method 6) and was purified with spin columns as outlined above. By using the same batch of milk, a different dilution series was prepared which contained spiked M. avium subsp. paratuberculosis at concentrations ranging from 2 ϫ 10 5 to 6.4 ϫ 10 1 CFU/ml. DNA were also isolated and purified from these dilutions as outlined above and treated as unknown samples. A real-time PCR was carried out concurrently with 5 l of DNA from each dilution by using the DNA from the first series as standards and DNA generated from the second series as unknown samples. This experiment was repeated on three separate days, and the ability of the Lightcycler to estimate the average microbial loads in the unknown samples after the real-time assay based on the crossing point values was determined.
RESULTS

Sensitivity of real-time PCR.
By using known amounts of template, several parameters of the assay were optimized initially. Addition of extra Mg 2ϩ to the reaction buffer was found to be essential and had a significant impact on assay performance. We found that a final concentration of 5 mM was optimal. Similarly, the most effective annealing temperature (58°C), most effective primer and probe concentrations (0.25 M for each primer and 0.1 M for each probe), and most effective economic assay volume (15 l) were determined. Subsequently, the sensitivity of the assay was evaluated by using standard concentrations of template. The reproducible experimental limit was found to be five copies as detected by 40 cycles of PCR in less than 30 min (Fig. 1a) . The specificity of the reaction was confirmed by observing a product of the predicted size (354 bp) upon gel electrophoresis (Fig. 1b) .
Quantitation and reproducibility. One of the main advantages of real-time PCR is the ability to quantitate unknown samples. With this assay it was possible to carry out a rapid quantitative analysis of DNA over a wide linear range with an unknown template. By using standards containing from 3 ϫ 10 6 to 3 ϫ 10 1 copies, accurate results for a series of samples were obtained (Fig. 2) based on data generated from experiments carried out in duplicate. The R 2 value for the associated standard curve was 0.99 (data not shown), indicating that the crossing threshold values for the standards fell within accurate and acceptable experimental limits.
To determine the reproducibility of the assay system, amplification of DNA from four different standards was carried out nine times (triplicate experiments on three separate days), and the crossing threshold values were recorded. Analysis of these values proved that the assay was reproducible as the coefficient of variation was statistically low (average, 1.5%; standard deviation, 0.99%) (Fig. 3) .
Extraction of mycobacterial DNA from milk samples. Considerable effort was devoted to evaluating and optimizing the most efficient protocol for extraction of mycobacterial DNA from milk. Previously, in our laboratory it was determined that inclusion of bead beating and boiling was critical for extraction of DNA from M. avium subsp. paratuberculosis (data not . This extraction solution produced the strongest fluorescent signal and most intense band on a gel and was used exclusively for all subsequent analyses of M. avium subsp. paratuberculosis in milk. It was later found that the use of nucleic acid spin columns greatly improved the quality of the DNA and, consequently, the sensitivity of the assay. Sensitivity and quantitation from milk. In order to critically test the potential application of the extraction protocol, the sensitivity of the assay was determined by using DNA extracted from M. avium subsp. paratuberculosis in spiked milk. Pasteurized whole milk was spiked with known dilutions of M. avium subsp. paratuberculosis, creating a series of artificially contaminated samples with concentrations of M. avium subsp. paratuberculosis ranging from 4 ϫ 10 6 to 4 ϫ 10 1 CFU/ml. After DNA extraction (method 6) and purification through spin columns, the real-time PCR assay was able to consistently detect less than 100 CFU/ml and had a sensitivity limit of 40 CFU/ml (Fig. 5) . Moreover, when less than 10 samples were analyzed together, the entire procedure, including extraction and PCR, could be carried out in less than 3 h. The assay also exhibited excellent linearity for the range of samples analyzed, indicating that it is an appropriate procedure for both heavily and mildly contaminated samples.
The ability to rapidly quantitate M. avium subsp. paratuberculosis in milk should offer significant advantages to workers interested in screening for this organism in potentially contaminated samples. By using a wide range of standards to simulate various levels of contamination (1 ϫ 10 6 to 5 ϫ 10 1 CFU/ml), it was possible to ascertain M. avium subsp. paratuberculosis concentrations within acceptable limits by using the extraction and assay conditions outlined above. By using data obtained on three separate days, initial crossing point values were successfully determined with the Lightcycler software and were used to calculate unknown M. avium subsp. paratuberculosis concentrations in milk based on concurrently analyzed standards. The results of these experiments, along with the average of these values and associated standard deviations, are shown in Table  1 . Furthermore, when 10 or fewer samples were processed, quantitative results for milk were obtained in less than 3 h.
DISCUSSION
For many years the dairy industry has been faced with a significant problem regarding M. avium subsp. paratuberculosis. This organism causes chronic disease in cattle, is difficult to grow, has been shown to survive pasteurization when it is present at high concentrations (8, 12) , and has been implicated as a potential factor in the development of Crohn's disease. Consequently, the demand for rapid and sensitive milk screening assays should be a priority in the dairy farming and milkproducing industries. Ideally, any analytical method should be able to establish presence or absence, microbial load, and viability. Unfortunately, within the shelf life of liquid milk these factors are difficult to establish for M. avium subsp. paratuberculosis due to its slow growth. In order to address the quantitative difficulties, it was our intention to take technology previously developed in our laboratory (25) and design a realtime PCR assay for M. avium subsp. paratuberculosis following extraction from milk which would be rapid, sensitive, and ultimately quantitative. Recently, two such assays have been reported for M. avium subsp. paratuberculosis from bovine fecal samples, which illustrated the potential and application of this technology for slow-growing pathogens (7, 16) . In this study, the target chosen was a region of the IS900 transposon as this region is the most widely used target for M. avium subsp. paratuberculosis from milk (5, 9, 11, 26) and also multiple copies (14 to 18 copies) are present in each cell, thereby increasing the sensitivity of the assay. We decided to use fluorescent probes in place of SYBR Green due to the specificity of the probes and the greater sensitivity afforded by them. After the various PCR parameters were optimized, the assay proved to be sensitive, quantitative, and reproducible, providing a suitable alternative to previously developed methods. As expected, the real-time PCR worked exceptionally well with purified template (Fig. 1) (sensitivity, five copies, which is equivalent to less than one organism), was reproducible (Fig.  3) , and was completed in less than 30 min, which is significantly faster than conventional PCR assays. Furthermore, the analysis of each sample was carried out in real time and in closed capillaries, offering the advantages of convenience and assurance of sample integrity. However, despite the apparent benefits of this procedure with purified DNA, the diagnostic applications are limited in the absence of a robust and effective procedure for extraction of M. avium subsp. paratuberculosis DNA from milk.
To this end, several extraction strategies were evaluated, and despite significant variation in yield, a strong PCR signal was observed for most methods with a moderate inoculum of M. avium subsp. paratuberculosis (10 4 CFU/ml) (Fig. 4) . This allowed us to refine the strategy and improve the sensitivity even further. Surprisingly, pretreatment of the milk with enzymes, solvents, and clarifying agents reduced the efficiency, and simple lysis solutions proved to be the most effective treatment. In particular, the use of GITC in the lysis mixture (adopted from the method of Odumeru et al. [24] ) and inclusion of nucleic acid spin columns were extremely useful in purifying the DNA.
Therefore, the combination of centrifugation, harsh lysis, physical grinding, boiling, nucleic acid purification, and realtime PCR pushed the detection limit to 40 CFU/ml of milk, which is comparable to or better than the detection limits in previously reported studies (5, 11, 21, 24, 26) . Furthermore, results could be obtained in less than 3 h, which is significantly faster than results previously obtained in studies with milk. The CFU/ml; D, 4 ϫ 10 3 CFU/ml; E, 4 ϫ 10 2 CFU/ml; F, 4 ϫ 10 1 CFU/ml. The DNA was subsequently extracted and analyzed by real-time PCR and also by agarose gel electrophoresis. Lane MW contained molecular weight markers. ctrl, control. avium subsp. paratuberculosis in milk by using predetermined standards. Quantitation of DNA from microbes by using realtime PCR has been reported previously (13, 17, 20, 29) and is based on determining the crossing point for each sample (the cycle number at which the fluorescence is notably increased above a baseline level). This crossing point or threshold is unique for a particular concentration of DNA and can be used to construct a standard curve that is used to determine the corresponding concentrations of unknown samples. By using software available with the Lightcycler system, the crossing points of standards were plotted and used to accurately measure the amounts of DNA targets (Fig. 2) or the numbers of CFU per milliliter (Table 1) . In both cases, quantitation was linear over a broad range and the method could be used for heavily or mildly contaminated products. Prior to this study it was difficult to accurately determine the microbial load of M. avium subsp. paratuberculosis in milk as conventional PCR is not quantitative and decontamination procedures necessary to eliminate other organisms during culturing are lethal for a variable proportion of the M. avium subsp. paratuberculosis population. Determining the presence and number of M. avium subsp. paratuberculosis organisms in a milk sample provides a useful means for identifying contaminated product. The presence of M. avium subsp. paratuberculosis in milk samples as determined by PCR has been reported by many workers, including workers in the United Kingdom (21), the United States (26), Canada (8) , and Switzerland (5), providing evidence that M. avium subsp. paratuberculosis DNA or whole cells are entering the human food chain. Using the optimized assay described above should facilitate rapid, sensitive, and quantitative screening for M. avium subsp. paratuberculosis in milk, as shown in Table 1 . Although this assay was evaluated solely with spiked milk, the initial experimental results indicate that our extraction and detection methodology is equally effective in detecting M. avium subsp. paratuberculosis in naturally contaminated milk (data not shown). Further laboratory work and surveillance are being performed in order to prove this observation.
In summary, we developed and optimized a real-time PCR assay for M. avium subsp. paratuberculosis with fluorescence resonance energy transfer probes which, when combined with a strategic extraction method, generate qualitative or quantitative data for the presence of M. avium subsp. paratuberculosis in milk in less than 3 h. Implementation of this assay could lead to early identification of contaminated product and allow control measures to be put in place to protect the public from unnecessary exposure to M. avium subsp. paratuberculosis until further unambiguous evidence is made available regarding the dangers associated with this organism for humans.
